The processes of microplastic fiber pollution in groundwater are unknown. The recent research on this contaminant threat is generally focused on surface waters (mainly oceans and rivers), while aquifer contamination is only marginally mentioned as an issue needing further investigation. Synthetic microfibers can be introduced into soils in different ways (e.g. wastewater treatment plants or greywater discharge, septic tank outflows, direct injection of contaminated water in cases of managed aquifer recharge, losing streams, etc.), and can thus reach aquifer systems due to leaching or infiltration in soil pores. Microfibers can then adsorb persistent bioaccumulative and toxic chemicals, which include persistent organic pollutants and metals, and become a carrier of harmful substances in the aquifer system, hence contributing to the overall contamination in both urban and rural areas. For this reason, it is of paramount importance, not only to assess the occurrence and fate of microplastic fibers in groundwater, but also to study the role of microplastics as carriers of contaminants within the aquifer and to advance standardization and organization of monitoring campaigns. Only by addressing these key challenges can hydrogeologists contribute to the state of the art on microplastic pollution and ensure that groundwater is not neglected in the environmental assessments tackling this contaminant of emerging concern.
Introduction
It is the age of plastics and the debate over microplastics pollution has never been more relevant, however a full understanding of its impacts on the natural environment is still far from being reached. Plastic is ubiquitous and, most importantly, everlasting, as practically no biological organism in the Earth's ecosystem has sufficiently evolved to readily consume it (Crawford and Quinn 2017) . This implies that everyone has to deal with the side effects of plastic wastes released and accumulating in the natural environment over time (Barnes et al. 2009; UNEP and GRID-Arendal 2016) . A recent study (Geyer et al. 2017 ) estimated that up to 2017, 8,300 million metric tons (Mt) of virgin plastics have been produced, and that of the approximately 6,300 Mt of plastic waste generated before 2015, only a very small percentage had been recycled or incinerated (9 and 12% respectively), while 79% had accumulated in landfills or the natural environment. The same study affirms that if current production and waste management trends continue, by 2050, about 12,000 Mt of plastic waste will be in landfills or in the environment. Together with these forms of plastic, which are mainly packaging, bottles and singleuse plastic items, another issue of increasing concern is microplastics, which are defined as plastic particles smaller than 5 mm in length (Arthur et al. 2008) . Microplastics are generally divided into two major categories: (1) primary microplastics intentionally manufactured for use in cosmetics, personal care products, industrial processing (e.g. sandblasting), textile applications, synthetic clothes production, domestic and industrial washing processes of fabrics (Gregory 1996; Fendall and Sewell 2009; Browne et al. 2011 ) that, being too small to be filtered by waste water treatment plants (WWTPs), can be introduced directly into oceans through direct runoff; and (2) secondary microplastics, as those typically generated by degradation and fragmentation of larger pieces of plastics (due to the exposure to ultraviolet light from the sun and/or by mechanical means such as tidal waves; Gregory and Andrady 2003) , hence the ones referred to when talking about marine litter (Avio et al. 2016) .
First reported in the 1970s in the Sargasso Sea in the North Atlantic (Carpenter and Smith 1972) , microplastics have since then been found in several beach sediments worldwide (e.g. Thompson et al. 2004; Costa et al. 2010; Browne et al. 2011; Van Cauwenberghe et al. 2013; Nor and Obbard 2014) . Therefore, their abundance in the marine environment, and associated increasing interest from both the scientific community and civil society, has meant that microplastics are gradually passing from being considered a contaminant of emerging concern to being recognized as an emerged threat (Avio et al. 2016) . However, it is only recently that the impact of primary microplastics, and microfibers in particular, has started to be acknowledged (Browne et al. 2011) . Given that a recent investigation (Tyree and Morrison 2017) estimated that 1 Mt of microplastic fibers are discharged into wastewater each year, where more than half evade treatment and escape into the environment, it is clear that microplastics are an issue that cannot be underestimated and require a strong engagement from the scientific community to avoid further negative consequences due to the lack of knowledge and of complete systematic research.
As the study of microplastics is a relatively new area of investigation, several challenging open questions still need to be addressed (Eerkes-Medrano et al. 2015; Geissen et al. 2015; Avio et al. 2016; Henry et al. 2019) , including: (1) assessing microplastics occurrence and distribution in the natural environment, and, particularly in groundwater (as most of the studies focus on seawater, and only recently on surface waters); (2) understanding their transport pathways and factors that affect their distribution; (3) defining the methods for their accurate detection and quantification, including specifics on measurements and the standardization of analytical procedures; and (4) evaluating the extent and relevance of their impacts on both aquatic life and human health.
As a result, a full comprehension of the impact of primary microplastics on the natural environment is still far from being reached and, with regard to freshwater resources, research is in its early stages, while a coordinated monitoring of surface water and groundwater is not yet achieved, but urgently required (Geissen et al. 2015) . The invisibility of groundwater makes it difficult to understand, study and manage, and often, as in the case of emerging pollutants, research only develops when the contamination issue has already occurred. It is under these premises, that this review article aims at contributing to highlight the gaps and challenges to be addressed on microplastics contamination in groundwater resources, with a special focus on synthetic microfibers.
Microfibers: an invisible threat
Fibers are defined as natural or synthetic substances that are significantly longer than wide, and that are often used in the manufacture of other materials (Harper 2017) . Apart from asbestos, most of the natural fibers commonly employed in industrial applications are considered to be of no danger to human health (WHO 1986; Fig. 1 ), although the increasing concern about the biological and environmental impacts of synthetic fibers is driving new research addressing their ecotoxicological effects (Crawford and Quinn 2017, and references therein; Tyree and Morrison 2017) .
As regards natural fibers, asbestos is probably the most studied, due to its natural abundance and toxicity. Asbestos is the generic designation for a group of naturally occurring minerals that are formed of thin fibers: chrysotile (the most commonly used form), actinolite, amosite, anthophyllite, crocidolite and tremolite (Strunz 2001) . Consisting of separable fibers that are heat-resistant, strong and flexible enough to be spun and woven, these minerals have been widely used in buildings (e.g. fireproofing, acoustic and thermal insulation), automotive parts, tiles, cement and textiles (e.g. special cloths and garments which are resistant to heat and corrosive elements). Even though nowadays the carcinogenic effect of long-term exposure to, and associated inhalation of, asbestos is widely recognized (and mainly attributed to fiber dimensions; International Agency for Research on Cancer 1977; WHO 1986; Madl et al. 2010) , some items are still widely debated in the scientific community. For example, based on the World Health Organization definition (WHO 2000) , the current regulations only focus on long asbestos fibers (LAF: length: L ≥ 5 μm, diameter: D < 3 μm and L/D ratio > 3), while short asbestos fibers (SAF: length (L < 5 μm;) are still not taken into account (Boulanger et al. 2014 ). In addition, since most of the research focuses on airborne asbestos, another open concern is the clear assessment of the health effects of the direct ingestion of asbestos in drinking-water (e.g. Polissar et al. 1983; Di Ciaula and Gennaro 2016) , as proven by its absence in drinking-water guidelines (WHO 2013) .
Synthetic microfibers are defined as a type of plastic, made up of various synthetic polymers (e.g. polyester, acrylic and nylon fibers), fibrous in shape, and smaller than 1 mm to 1 μm in length (Crawford and Quinn 2017; Fig. 2a ). Recent studies have highlighted a significant increase in the production of synthetic fibers to supply the growing demand of the clothing and cleaning products sectors (Qin 2014; Fig. 2b) , with polyester alone accounting for over 40 Mt/year (Aizenshtein 2015) , and it has been proven that synthetic textiles can shed numerous microfibers during conventional washing (Hartline et al. 2016) .
The scope of this problem is evidenced by the growing attention of the productive sector itself, as in the case of Patagonia, a company selling outdoor clothing marketed as sustainable, which recently commissioned the University of California (USA) to assess the amount of microfibers released from outerwear during washing. Using the company's sale numbers, the researchers (Bruce et al. 2017 ) extrapolated that about 100,000 jackets are in use worldwide each year, and washing them would produce enough plastic to make 11,900 grocery bags. When released into the natural environment, being too small to be filtered in WWTPs, the microfibers can end up in seas and oceans, thus contributing to marine litter (e.g. Mintenig et al. 2017; Henry et al. 2019; Magni et al. 2019) . In particular, it has been estimated that these tiny fibers make up 85% of human debris on shorelines across the globe (Browne et al. 2011) , and were also recently found in seawater and in fish caught worldwide (e.g. Rochman et al. 2015; Barrows et al. 2018; Gago et al. 2018 and references therein), in table salt (Yang et al. 2015) , in beer (Liebezeit and Liebezeit 2014; Kosuth et al. 2018) , and even in drinking water (Eerkes-Medrano et al. 2018; Tyree and Morrison 2018; Schymanski et al. 2018; Koelmans et al. 2019) .
As a consequence of their abundance and ubiquity it is likely that synthetic microfibers are to become the next big issue to threaten water quality and wildlife, and there is growing concern about their potential danger to human health, to such an extent that the media are gradually beginning to call them "the new asbestos" (Tyree and Morrison 2017) . However, if, on the one hand, the toxicity of asbestos fibers is mainly given by their physical properties, and particularly their sharpness and microscopic size which enables them to pierce cell wall membranes, interfere with DNA, and hence potentially lead to cancer (Ruosaari et al. 2008) , the harmfulness of microfibers is principally attributed to chemical processes. In fact, microfibers can absorb persistent bioaccumulative and toxic (PBT) chemicals, which include persistent organic pollutants (POPs) and metals (Rios et al. 2007; Teuten et al. 2009; Pirc et al. 2016 ), hence enabling the uptake of toxic elements via consumption . Several studies have already reported the negative impact of microplastics on both freshwater invertebrates and fish, where ingestion of plastic microfibers was shown to cause physiological stress and signs of tumor formation (Eerkes-Medrano et al. 2015 and references therein). This has led to new concerns being raised about the possible health issues that may occur from human consumption of aquatic fauna and seafood (e.g. Sussarellu et al. 2016; Watts et al. 2015; Huerta Lwanga et al. 2016; Watts et al. 2016) . In addition, a recent study (Liebmann et al. 2018 ) detected microplastic residues in human stool samples from eight different geographic regions (Austria, Finland, United Kingdom, Italy, Japan, the Netherlands, Poland and Russia), highlighting Jawaid and Khalil (2011) highlighting in red the fibers with acknowledged toxicity, in green those with no risk, and in orange the fibers with suspected (or still under investigation) toxicity both the ubiquitous nature of the issue, and the potential impact of such an emerging contamination.
Despite the fact that to date no studies have shown that microfibers cause health problems in humans, and toxicological hazards associated with plastic microfibers ingestion are still not fully known Crawford and Quinn 2017) , it is reasonable to assume that understanding the potential of microfibers as a vector for the introduction of contaminants in human bodies is only a question of time and advances in scientific research.
Microfibers in groundwater: invisible contaminants in the hidden component of the water cycle
Groundwater is the world's most important source of available freshwater supplying more than 2 billion people with safe water for domestic, drinking, agricultural and industrial purposes in both developing and industrialized nations worldwide. In addition, in many rural areas, groundwater is often the main freshwater source for both domestic and agricultural uses (Re and Zuppi 2011) , providing farmers and local households with, generally free, supplies in close proximity to the users, and commonly without the need for complex treatment (Morris et al. 2003) . Approximately 38% of global irrigated areas rely on groundwater resources (Siebert et al. 2013 ), which has led to a 10-fold increase of groundwater extraction for agricultural irrigation over the last 50 years (WWAP 2016) . Undoubtedly one of the main consequences of this high aquifer dependency is that any contamination of these waters can have serious repercussions on the local population, both directly, when groundwater is used for drinking purposes, and indirectly, when used for irrigation. Even though the international hydrogeological community is quite active in promoting actions targeted toward the long-term protection of global aquifer systems (IAH 2017), the hidden nature of groundwater makes it difficult to study and manage, and hampers the implementation of sound science-based management practices, especially when emerging issues are at stake, which is the case with microplastics pollution. In fact, despite the growing number of investigations targeted at surface waters, at present, there is a limited knowledge on possible plastic microfibers' presence and transport in aquifer systems. In fact, only a few studies targeted their occurrence in groundwater (e.g. e.g. Bouwman et al. 2018; Mintenig et al. 2019; Panno et al. 2019) , while the presence of microscopic plastic fibers in tap water coming from underground sources was revealed for the first time only recently (Tyree and Morrison 2017) . As a result of this lack of knowledge, groundwater still does not appear in literature on microfibers, as evidenced by some of the most cited publications on the present state-of-the-art research on microfibers pollution ( Fig. 3 ; Bruce et al. (2017) , nor in the legislation dealing with plastic contamination reduction, as in the case of the European plastics strategy (European Commission 2017), currently being prepared to help countries improve recycling, cut marine litter, and remove potentially dangerous chemicals.
Indeed, if natural microfibers such as asbestos can be present and move through soil and groundwater (Willenbring 2016) , it is reasonable to hypothesize that synthetic microfibers will not be much different and could also be transported to, and within, aquifer systems.
For example, synthetic microfibers can be introduced into soils in different ways, either via land-applied WWTPs' biosolids (Habib et al. 1998; Zubris and Richards 2005; Rillig Fig. 3 Conceptual box model of microfibers distribution, displaying observed and theorized pathways of microfibers transfer in the environment and biome. Modified from Bruce et al. (2017) with the addition of the red rectangles highlighting the steps where microfibers could enter the aquifer systems and be transported along the groundwater flow 2012; Murphy et al. 2016) , or via direct discharge of greywater (i.e. untreated wastewater generated in households from all streams except for toilets, i.e. sinks, showers, baths and washing machines) out of septic tanks (National Academies of Sciences, Engineering, and Medicine 2016). In both cases, water can leach into the soil and create a pathway for microfibers to reach the aquifer system (Hurley and Nizzetto 2018) , or they can accumulate in the soil and be subsequently remobilized by heavy rains and/or irrigation.
In addition, since effluents from industrial processes and WWTPs are often discharged into local river systems, surfacegroundwater interactions (e.g. in the presence of losing streams recharging groundwater) potentially provide a pathway for microfibers to enter into aquifer systems (Fig. 4a ) and should also be addressed. The direct injection of contaminated water into the underground system can also occur, as in cases of managed aquifer recharge (MAR) using WWTP effluent (Fig. 4b) . Indeed, if these contamination pathways are not adequately assessed, microfibers and associated PBT chemical compounds can enter the aquifer system without control and, in the case of groundwater used for drinking and agricultural purposes, can potentially cause more harm than ingestion via fish and seafood. This is, firstly, because the amount of water a person drinks per day, both directly and indirectly (e.g. sodas, beer, juices etc.), is generally considerably higher than the quantity of fish and seafood consumed, and, secondly, because the pathway from the source to the tap is much shorter than the possible intake of microplastics via the food chain ( Fig. 5) .
It seems therefore of great relevance to assess the occurrence of microfibers in aquifer systems, and to try to understand the possible harmful effects on human health due to plastic ingestion. To this end, a full understanding of transport dynamics and the assessment of how the morphology of the fibers can affect their movements along the flow paths are key issues that still need to be addressed.
The review of the known unknowns (i.e. items recognized by the scientific community as needing investigation) and the unknown unknowns (i.e. items not already present or still not adequately addresses in the scientific literature) of both synthetic and natural microfibers highlights the existing gaps in the field. It also highlights the challenges for the international community of hydrogeologists to go beyond the state of the art on contaminant hydrogeology (Table 1) , thus supporting an effective and long-term protection of global groundwater resources.
Challenges and opportunities
The vulnerability of groundwater resources to anthropogenic pressure, associated with their crucial role in sustaining human activities and natural ecosystems, requires sound actions targeted at groundwater protection and management. Therefore, pioneering investigations are required for an early identification of potential sources of contamination, before the problem is too widespread that only decontamination actions can be implemented.
The issue of synthetic microfiber pollution in groundwater is still far from being addressed, as the potential for aquifer contamination is only marginally mentioned in the recent literature on microplastic pollution. This means that in most cases, groundwater is only mentioned as a possible receptor of microfibers due to leaching and/or transfer in the biopores (e.g. Hohenblum et al. 2015; Huerta Lwanga et al. 2016 Rillig et al. 2017; Chae and An 2018; Eerkes-Medrano et al. 2018; He et al. 2018; Henry et al. 2019) , while only a limited number of studies have attempted to assessed their presence in groundwater bodies (e.g. Bouwman et al. 2018; Mintenig et al. 2019) .
It is under these premises, that the international hydrogeological community should address the following challenges:
1. Determine the occurrence of microfibers in groundwater and study their transport mechanisms along the flow paths. In particular, it will become fundamental to focus on the unknown processes associated to the fate and occurrence of microfibers in groundwater, thus contributing to the long-term protection of the natural environment and human health. To this end, understanding transport mechanisms will be the first step towards demonstrating the potential impact that microfibers present in surface water can have on the underground system. Assessing microfibers' movement within different porous media would hence permit researchers to determine aquifer vulnerability to this emerging contaminant. 2. Assess the role of microplastics as carriers of contaminants within the aquifer. In particular, the analysis should focus on those classes of pollutants that have already been demonstrated to interact with microplastics (e.g. DDT, perfluoroalkylates, polycyclic aromatic hydrocarbons, polychlorinated biphenyl phthalates; Crawford and Quinn 2017), and potentially present in both industrial and agricultural sites. 3. Define a standardized procedure for microfibers sampling and monitoring in groundwater. This will represent a strong contribution to the research field since, at present, accurate detection and quantification techniques, including protocols for measurements and analyses, are still missing (Avio et al. 2016) . Indeed, the creation of a standardized methodology in the development stage of this new research field would optimize any future research efforts, avoiding the biases due to methodological discrepancies, the lack of uniformity in the information, and associated issues in results comparisons. This would Known knowns are items already addressed in the international literature and/or well understood). Known unknowns are items recognized by the scientific community as needing investigation). Unknown unknowns are items not fully addressed and identified as gaps in the scientific literature. (Sources: Lemen et al. 1980; Tweedale and McCulloch 2004; Boulanger et al. 2014; Avio et al. 2016; Miranda and de Carvalho-Souza 2016; Crawford and Quinn 2017) not only facilitate the replicability of any research and experiment, but also the communication to the civil society and policy makers, a fundamental requisite for the development of new regulations on microfibers contamination reduction. A homogenization of sampling procedures and analytical techniques, thus resulting from multidisciplinary collaboration with surface hydrologists, biologists and ocean scientists, that are already performing microfibers analyses in surface-water samples using spectroscopic analysis-e.g. Fourier Transform Infrared Spectroscopy (FTIR) or Raman spectroscopy (e.g. Habib et al. 1998; Liebezeit and Liebezeit 2014; Löder et al. 2015; Wiesheu et al. 2016; Hartline et al. 2016 ) will be necessary.
Addressing these challenges will therefore enable sound pollution assessments at the catchment scale, and will favor the inclusion of the hidden component of the water cycle starting at the earliest stages of this new branch of contaminant hydrology.
